Abstract
forces as small as 10 -4 Newtons on a surface immersed in the plasma where small forces are due to ionic and neutral particles with kinetic energies on the order of a few eV impacting the surface. This instrument, a force sensor, uses a target plate (surface) that is immersed in the plasma and connected to one end of an alumina rod while the opposite end of the alumina rod is mechanically connected to a titanium beam on which four strain gauges are mounted. The force on the target generates torque causing strain in the beam. The resulting strain measurements can be correlated to a force on the target plate. The alumina rod electrically and thermally isolates the target plate from the strain gauge beam and allows the strain gauges to be located out of the plasma flow while also serving as a moment arm of several inches to increase the strain in the beam at the strain gauge location. These force measurements correspond directly to momentum flux and may be used with known plasma conditions to place boundaries on the kinetic energies of the plasma and neutral particles. The force measurements may also be used to infer thrust produced by a plasma propulsive device. Stainless steel, titanium, molybdenum, and aluminum
I. Introduction
To better understand the characteristics of a combined flow of neutral and charged particles onto a solid surface, an instrument was developed to measure the momentum flux from neutral and plasma jets. Electrostatic probes may be used to determine the particle and energy fluxes locally in the plasma. However, complications caused by collision processes such as charge exchange limit the calculation accuracy of the momentum flux or pressure onto the solid surface using the particle and energy flux data. Direct measurement of the momentum flux affords the surface interactions such as particle and energy reflections from the surface to be evaluated. The momentum flux data, with heat flux data, may be used to deduce information about the plasma-surface interaction. The forces measured from these plasma / neutral jets range from 10 -4 to 10 -_ Newtons with ionic impact energies on the order of 10 eV. A force of 0.27
Newtons can be measured with this instrument before the linearity of the strain gauges is compromised.
While this instrument was built for and tested in magnetized plasmas, the concept also works for non-magnetized plasmas. The target size or the plasma wetted area may be varied to measure momentum flux at different radial positions of the beam giving a radial profile. Given certain assumptions, the momentum flux data may also be used to infer thrust from the exhaust of a plasma thruster such as the Variable Specific Impulse Magnetoplasma Rocket (VASIMR).
II. Concept and Construction
The momentum flux measuring instrument uses uniaxial strain gauges to sense the force on a target plate. Although strain gauges have been used in pressure gauges and force sensors for many years, the application of semi-conductor strain gauges to sense pressure or momentum flux The beammadeof 6AL-4V titanium,is schematically shownin Fig. 2 with the strain gaugesattached. The designof thebeamenhances the stressat the straingaugelocationby reducingtheareamomentof inertiaof thecrosssection.This is accomplishedby placingtwo holesin the beam,oneon eachsideof the two pairsof straingauges. The stressconcentrationis not uniformoverthe lengthof thestraingauges but this effectis accountedfor by calibration.
The momentof areais givenby
where b = 2.0 mm and h = 1.6 mm as observed in Fig. 2 . Using the two holes on each side of the strain gauges to reduce b from 12.7 mm to 2.0 mm, the moment of area is reduced by 82%.
The stress in the titanium beam at the strain gauges location is given by,
where M is the bending moment, y is the distance from the neutral axis, and I is the moment of area about the neutral axis. The strain, e, is then related to the stress, o', via Hooke's Law which states,
where E is Young's tensile modulus and for titanium, E = 1.14x10 tl Pa. This value of Young's modulus was considered constant for the duration of the tests since the temperature of the beam was measured and determined to remain at ambient temperture. Vout Vn( R2 )
The gauge factor, GF, is a measure of the change in resistance of the strain gauge for a given strain where 5 The force sensor data were then used to determine a torsional spring constant for the titanium beam on which the strain gauges were mounted. As can be seen in Fig. 4 the dominant frequency for the beam after being excited and under no load was measured to be approximately 600 Hz.
Using the frequency observed in Fig. 4 the torsional spring constant, k, was calculated using the model outlined in Fig. 5 . The alumina rod is assumed rigid based on the stiffness of alumina.
Also the instrument is mounted with the alumina rod nearly parallel to the local gravity vector.
Using the moment equation about point O,
where
The second term in Equation (10) is very small compared to the first and will be neglected.
Therefore,
The solution of this equation has the form,
where A and _5are constants determined by initial conditions. The initial conditions may be chosen to allow A = 1 and 6 = 0 giving,
Combining equations (12) and (14) gives
where c0=2rtf and f is the frequency measured in the experiment. 
where a = .15 cm and b = 3 cm. This gives
Therefore, the torsional spring constant is given by
where f=600 Hz. 
Using this value and calculating the expected natural frequency gives
As can be seen in Fig. 6 , the measured frequency is 28.8 Hz.
The same method was used with the target attached to compare the calculated and measured frequencies.
The calculated natural frequency for the sensor with the target attached is 10.3 Hz. As seen in Fig. 7 the measured frequency is 10.8 Hz.
III. Calibration
The calibration method used gravity and known masses to apply known forces to the force sensor. The calibration setup is shown in Fig. 8 . Output from the force sensor was collected using several different masses. The string was attached at one end to the rear of the target and the other end was fastened to a rigid structure. The string length was varied until the section of string between the calibrated mass and the rigid structure was at an angle of 45 degrees to the horizontal and the section of string between the mass and target was parallel to the horizontal.
The curves plotted using the collected data revealed a linear relationship between the force applied and the signal output of the sensor. A typical calibration curve is shown in Fig. 9 .
The calibration setup inside the vacuum chamber (not at vacuum) is shown in Fig. 10 with the force sensor in the test position. The discrete data points represented by the data markers are the actual data while the line represents the trend. 
IV. Momentum flux derivation
where pi = nkT_ and Pe = nkTe" To evaluate the constant consider a control volume such that the control volume extends far upstream into plasma. Let this location be at the electrostatic probe axial location where the electron temperature, density, and ion velocity maybe determined and assume T, = 0. Therefore, p_ = 0 and
At thefloating plate, Pe ---0 since most electrons are reflected due to the sheath electric field, E.
at the plate. The subscript 1 refers to the electrostatic probe axial location and the subscript p refers to the plate axial location. The ion momentum flux to the solid surface defined as
is obtained from equation (24),
Therefore the net pressure (force per unit area) on the plate is
The radial density profile may be also be determined for the electrostatic probes and integrated across the radius to determine the expected net force on the target plate from the charged particles. The momentum flux, however, from the neutral particles for the conditions of the existing experiment reveal force contributions to be less than 10% of the momentum flux due to the charged particles. 
V. Experimental Demonstration
The plasma used in this experiment was generated using a helicon s.ource that uses radio frequency waves to heat electrons to ionization energies. The force on the target plate as determined from the strain gauge output is shown in Fig. 11 . The data has been filtered to suppress the natural frequency of the system. The initial force rise occurring slightly prior to 0.5 seconds is due to the helium gas flow being turned on. The rise in force occurring at 0.75 seconds is due to the plasma being turned on via the helicon antenna operating at 13.56 MHz.
The plasma shot lasts two seconds. The titanium target immersed in plasma is shown in Fig. 12 .
VI. Conclusion
While strain gauges have been used in similar applications to detect larger forces, application of this technique to detect the small forces from a flowing plasma was not previously 
